Introduction
Tissue growth is regulated by a small number of signaling pathways universally conserved in metazoans. Enhanced growth signaling activity, due to an increasingly appreciated rooster of genetic lesions in genes encoding signaling components, is a hallmark of cancer. Notch is at the center of a conserved signaling cascade mediating cell fate decisions, including those regulating tissue growth, during development and tissue homeostasis in metazoans. Notch activation in signal receiving cells relies on binding of the heterodimeric Notch receptor by ligands of Delta-Serrate-Lag-2 (DSL) family expressed by neighboring signal-sending cells. Ligand binding ultimately leads to production of a Notch form that is an efficient substrate for intramembrane protease g-secretase. Cleavage leads to release of the Notch intracellular domain (cNICD) which reaches the nucleus and signals (Bray, 2006) .
Cleavage of Notch by g-secretase is thought to occur mostly at the plasma membrane. However, recent evidence points to the possibility of cleavage and activation in endosomes. In mouse and human cells, Notch has been found to be cleaved at the plasma membrane and in endosomes (Tagami et al., 2008) . In Drosophila endocytic mutants that prevent entry of cargoes in endosomes, signaling is abolished. In contrast, in mutants that lead to accumulation of Notch in endosomes, Notch signaling is increased (Childress et al., 2006; Gallagher and Knoblich, 2006; Jaekel and Klein, 2006; Moberg et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005) . Finally, activity of vacuolar ATPase, which is required for acidification of endocytic compartments, has been found to be necessary for activation of Notch signaling in both Drosophila and mammals (Lange et al., 2011; Sethi et al., 2010; Vaccari et al., 2010; Yan et al., 2009) . Endocytic trafficking is also required to promote activation in signal-sending cells, as Notch ligands need internalization to become competent for signaling (for review see Nichols et al., 2007) .
As a consequence of the countless instances in which Notch operates during development and tissue homeostasis, Notch signaling alteration are observed in a wide array of developmental disorders and cancers. While congenital syndromes, as Alagille and a limited number of tumors, arise from partial loss of signaling activity, other syndromes and a large proportion of tumors, including the large majority of Tcell acute lymphoblastic leukemias (T-ALL), display enhanced Notch signaling activity (Agrawal et al., 2011; Klinakis et al., 2011; McDaniell et al., 2006; Nicolas et al., 2003; Oda et al., 1997; Puente et al., 2011; Stylianou et al., 2006; Weng et al., 2004) . Consistent with the role of Notch as an oncogene, a number of T-ALL and breast cancer cell lines possess mutations in Notch genes and are addicted to Notch signaling for growth (Robinson et al., 2011; Weng et al., 2004) . In T-ALL cells, growth is also promoted by ectopic activation of Akt, due to frequent loss of the negative regulator PTEN. Notch signaling and the Akt pathway appear to synergize, and mutational loss of PTEN is associated with human T-ALL resistance to pharmacological inhibition of Notch signaling (Palomero et al., 2007) . In addition, extensive evidence points to coregulation of the Notch and Akt/mTor signaling axes in breast cells and tumors, and in T-ALL cells (Calzavara et al., 2008; Efferson et al., 2010; Guo et al., 2009; Meurette et al., 2009; Shepherd et al., 2013) . Thus, the ability to inhibit both Notch and Akt signaling pharmacologically is likely to be the key to counteract oncogenic growth in these tumor contexts. We reasoned that the recently appreciated role of endocytic trafficking of Notch through acidic compartments for signaling activation could be harnessed to down-modulate signaling. Inhibition of V-ATPase activity is in principle a promising strategy also because of the recently reported involvement of V-ATPase in regulation of mTor signaling (Bar-Peled et al., 2012; Pena-Llopis et al., 2011; Settembre et al., 2012; Zoncu et al., 2011) .
Here, we find that pharmacologic inhibition of V-ATPase decreases Notch signaling activity in vivo and in tissue culture cells. Upon treatment with specific V-ATPase inhibitors, we find reduction of Notch signaling in both physiologic and pathologic conditions. We also observed reduction of signaling by the Akt/mTOR axis, which together with Notch, contributes to growth in certain tumor contexts. Our data suggest that pharmacologic inhibition of V-ATPase could be beneficial to decrease pro-growth signaling by the Notch and Akt/mTOR signaling pathways in breast tumors and T-ALL leukemia.
2.
Materials and methods
Drosophila strains
Fly strains used were Oregon R (OreR), E(spl)mb-lacZ (Nellesen et al., 1999) , UAS shrub:GFP (Sweeney et al., 2006) . rotundGal4,TubGal80ts (Smith-Bolton et al., 2009 ) driver, which is expressed in the wing pouch, was used to induce the expression of UAS shrub:GFP in larval wing imaginal discs. First instar larvae from rotund-Gal4,TubGal80ts/UAS shrub:GFP flies were collected at 18 C and then shifted at 29 C for 24hr to induce expression in wing discs.
Compound treatments in flies
For drug treatment the following compounds were used: DAPT (Sigma), Leupeptin (Sigma), NH4Cl (Sigma), BafilomycinA1 (Calbiochem), ConcanamycinA (Calbiochem), Chloroquine (Sigma). They were all diluted in DMSO or ethanol and stock solutions for each compound were added to 0.5 ml of liquid yeast to a final concentration of 1 mM for DAPT and 2e4 mM for BafA1. Yeast containing the appropriate compound was added on the top of a low-sugar fly food (Agarose 1%, Propionic Acid, 15% Sucrose, Tegosept, Ampicillin, water). Vials were kept overnight to allow evaporation of residual DMSO/ ethanol. 20 females and 10 males were introduced into each vial, and kept at 25 C for 5 days. Adults were removed, and progeny was allowed to progress in the presence of compound until eclosion. For experiments with rotund-Gal4, TubGal80ts/ UAS shrub:GFP flies, 20 females and 10 males were kept at 18 C into vials containing drugs until first instar larvae appeared. Adults were removed and vials containing first instar larve were shifted to 29 C until 3rd instar.
Zebrafish drug treatments
Zebrafish strains were maintained and bred according to the standard procedures and according to EU regulations on laboratory animals. We used embryos from the Notch-responsive reporter line Tg(Tp1bglob:eGFP)um14 (Parsons et al., 2009 ). To inhibit g-secretase, manually dechorionated zebrafish embryos at gastrulation (80e90% epiboly stage) were incubated O/N at 28.5 C in the dark into 2 ml petri dish containing 0.4% DMSO in E3 medium (embryo water) with DAPT, (Sigma) at a final concentration of 50, 100 or 200 mM. To specifically block V-ATPase proton pump activity, we incubated gastrulation, 1-somite or 18 somites stage zebrafish embryos with Bafylomicin A1 inhibitor (Sigma) that was added directly to the fish medium at a final concentration of 50, 100 or 300 nM. As control, we incubated at the same temperature embryos in 0.4% DMSO in fish medium without drugs. In all treatments, the embryos were left in the incubation medium at 28.5 C until 26e28 hpf stage. All phenotypes have been scored in n > 10 embryos for each condition and at least repeated twice. Treated and control embryos were then mounted in 3% methylcellulose solution and observed under a Nikon fluorescence stereomicroscope.
Cell culture
MCF10A cells were cultured in DMEM/F12 (1:1) supplemented with 5% Horse Serum (Invitrogen), 10 mg/ml Insulin, 0.5 mg/ ml Hydrocortisone, 100 ng/ml cholera toxin (SIGMA) and freshly added 20 ng/ml EGF. HCC2218, HCC1187, and CCRF-CEM cells (ATCC) were cultured in RPMI 1640 (Lonza) supplemented with 10% FBS and 1% L-glutamine according to supplier's indications. HCC1599 (ATCC) was cultured in RPMI 1640 (Lonza) supplemented with 1% L-glutamine and 20% FBS. DND-41 was cultured in RPMI 1640 (Lonza) supplemented with 15% FBS SA, 2 mM glutamine. HCC1599 and DND-41 cells require in our hands higher FBS concentrations, compared to the other cell lines, for optimal growth. All cells were cultured at 37 C and 5% CO 2 in a humidified incubator.
Drug treatment of cells
For drug treatments, cells were diluted to appropriate densities and treated by adding the drugs or DMSO directly into the medium to the indicated final concentrations. They were then mixed by gently rocking the cell culture vessel. DMSO was used at a final concentration of 0.5%. The cells were then seeded in appropriate cell culture vessels and placed in culture. All cells were cultured at 37 C and 5% CO2 in a humidified incubator.
Lysotracker assays and DQ-Red BSA assays
Wing discs from 3rd instar larvae dissected in Drosophila cell culture medium (M3, Sigma) were incubated in medium containing 1 mM Lysotracker (DND-99, Molecular Probes) for 5 min at RT. After washing in fresh medium, the samples were mounted and imaged. To label organelles with low internal pH in Zebrafish embryos, we added LysoTracker directly to the E3 medium at the concentration of 0.08 mM. In this experiment, 28 hpf Tg (Tp1bglob:eGFP)um14 embryos were incubated 60 min at 28.5 C with the LysoTracker prior mounting in 1% lowmelting agarose in E3 medium for confocal analysis.
To label MCF10-A cells, they were seeded onto glass coverslips and cultured to approximately 70% confluence, at which point they were treated with DMSO, DAPT or BafA1 by adding the drugs directly into the wells so as to achieve the desired final concentrations. The medium was mixed and the cells placed under normal cell culture conditions for 3 h. Lysotracker or DQ-BSA were then added directly into the medium to a final concentration of 1uM. The medium was mixed well and the cells placed in normal cell culture conditions for 30 min (Lysotracker) or 3 h (DQ-BSA). They were then rinsed twice with DPBS and mounted immediately (Lysotracker) or fixed with 4% ParaFormAldehyde (4% PFA; DQ-BSA) and mounted onto glass coverslips for confocal examination.
2.6.
Notch translocation assay For cell tissue culture experiments, cells were seeded onto glass coverslips and grown to desired confluence and then fixed for 10 min in 4% PFA at RT. After three washes in PBS 1X (5 min each), cells were permeabilized for 10 min in 0.1% Triton X-100 diluted in PBS 1X. They were then incubated in 3% BSA dissolved in PBS 1X blocking solution for 30 min. The cells were then incubated at RT in primary antibody diluted in blocking solution for 1 h followed by 3 washes (5 min each). They were then incubated at RT with secondary antibody diluted in PBS 1X for 1 h followed by three washes (5 min each) with PBS 1X. Primary antibodies used were: mouse anti-Lamp1/CD107a H4A3 (BD Pharmingen) at 1:1000, or rat anti-Full length Notch1, 5B5 monoclonal antibody at 1:300 (Sigma). For both Drosophila wing discs and cells, cortical actin was stained using Rodamine-Phalloidin (Sigma) diluted at 1:100 and the nuclei with DAPI (Sigma) diluted at 1:1000. The samples were then rinsed thrice with PBS 1X and then mounted using ProLong antifade-Glycerol 1:1 solution. Samples were then analyzed and imaged using a Leica TCS SL confocal system. Digital images were processed using the Photoshop and ImageJ softwares without biased manipulations.
Western blot assays
For western blot assays, cells were seeded and treated by adding the drugs at indicated doses directly into the medium. The cells were then placed in normal culture conditions for 7 days after which they were collected. For adherent cells, the medium was decanted and cells rinsed twice with ice cold PBS 1X. They were then collected by scraping into 1 ml ice cold PBS 1X. Where indicated, MCF10A cells were EGTA-treated in the presence of the drugs prior to collection. For collection, cells growing in suspension were centrifuged at 1200 rpm for 5 min. The medium was decanted and the pellet resuspended in 1 ml ice cold PBS 1X. The cells were centrifuged at full speed, at 4 C for 5 min. The PBS was decanted and the pellets resuspended in appropriate volumes of RIPA buffer freshly supplemented protease inhibitor cocktail set III (Calbiochem). The cells were placed on ice for 30 min and vortexed at 10 min intervals while maintaining them on ice. The cell lysate was cleared by centrifugation at full speed, at 4 C for 30 min. The supernatants were recovered and quantified by standard methods. Samples were denatured by adding b-mercaptoethanol containing loading dye and by heating for 5 min at 98 C. They were then resolved on 8% polyacrylamide gels. After blotting onto nitrocellulose membranes, the membranes were stained with rabbit anti-cleaved Notch1 (Val1744, Cell Signaling) diluted at 1:500, Rat anti full length Notch1 (5B5 monoclonal antibody, Sigma) diluted at 1:500, Rabbit anti phospho-S473-Akt (Cell Signaling) at 1:1000, Rabbit anti panAkt (Cell Signaling) at 1:1000, Rabbit anti-p70 S6K (Cell Signaling) at 1:1000 or Rabbit anti phospho-p70-S6K (Cell Signaling) at 1:1000 primary antibodies. Normalization of cell extracts was performed by staining with mouse antiVinculin (Sigma) antibody at 1:4000 or mouse anti-tubulin (Sigma) at 1:10,000. Goat anti-rabbit (Biorad), Goat antimouse (Biorad) or Goat anti-rat (GE Healthcare) HRP conjugated secondary antibodies were used. Signal was detected using Pierce ECL Western Blotting Substrate (Thermo Scientific), and imaged using a Chemidoc molecular imager (Biorad).
Population growth assay
Cells were counted and resuspended so as to have the desired cell numbers per 100 mL of the culture medium. They were then treated by adding the drugs directly into the medium to the desired final concentration. The cells were then seeded in triplicate into 96-well plates by transferring 100 ml of the cell suspension into each well and treated when needed. As a blank, 100 ml of culture medium was also seeded in triplicate. The cells were placed under normal cell culture conditions and cell proliferation measurements taken on day 7 using WST-1 cell proliferation assay (Roche) according to the manufacturer's instructions. Cell proliferation measures were taken by reading absorbance at 450 nm using a Wallac 1420 VICTOR plate reader (Perkin Elmer).
RT-PCR
Total RNA from wing imaginal discs (40 discs per sample) or human cells was extracted using TRIZOL Reagent (Invitrogen) and RNeasy Mini Kit (Qiagen) following the manufacturer's instructions. Concentration and purity was determined by measuring optical density at 260 and 280 nm using a Nanodrop spectrophotometer. Total RNA was reverse transcribed using SuperScript VILO cDNA Synthesis kit (Invitrogen) according to the manufacturer's instructions. 5 ng of cDNA was amplified (in triplicate) in a reaction volume of 15 uL containing the following reagents: 7.5ul of TaqMan PCR Mastermix 2Â No UNG (Applied Biosystems), 0.75 ul of TaqMan Gene expression assay 20Â (Applied Biosystems). 300 nM of primers and 100 nM of Roche probes were used. RT-PCR was carried out on the ABI/Prism 7900 HT Sequence Detector System (Applied Biosystems), using a pre-PCR step of 10 min at 95 C, followed by 40 cycles of 15 s at 95 C and 60 s at 60 C.
The following primers (5 0 -3 0 ) were used: Drosophila E(Spl)-mb: fwd gagtgcctgacccaggag, rvs cggtcagctccaggatgt. Drosophila E(Spl)-m7: fwd agcgacaacgagtctctgct, rvs ttaccagggacgccacac. Drosophila rpL32-RA: fwd cggatcgatatgctaagctgt, rvs cgacgcactctgttgtcg. GFP: fwd gaagttcgagggcgacac, rvs ccgtcctccttgaagtcg. For human genes the following Applied Biosystem probes were used: Hes1: Hs00172878_m1, Hes2; Hs00219505_m1, Hes5; Hs01387463_g1, Hey1: Hs00232618-m1, Hey2: Hs00232622_m1, Notch1: Hs00413187-m1, Notch2: Hs00225747-m1, Notch3: Hs00166432_m1, Notch4: Hs00270200_m1, Jag1: Hs00164982-m1, Jag2: Hs00171432_m1, Delta1:Hs00194509_m1, Delta3: Hs00213561_m1, Delta4: Hs00184092_m1, Numb: Hs00377772-m1, c-Myc: Hs00153408-m1, GADPH: Hs99999905-m1.
Statistical analysis is based on Student's t-test. Results are flagged with two asterisks when the P-value is less than 0.01, and three asterisks when the P-value is less than 0.001.
SiRNA knock-downs
To knock down genes, siRNAs against desired genes were transfected into MCF10A cells using the lipofectamine RNAiMax transfection reagent (Life technologies) by following the manufacturer's instructions. Following transfection, the cells were placed under normal cell culture conditions for 72 h after which RNA was extracted for qPCR analysis. siRNA duplexes against PSENEN (D-008057-01-0010), ATP6V0C (D-017620-03), ATP6V1A (D-017590-01) and ATP6V1F (D-011930-01) were purchased from Dharmacon, Thermo Scientific.
Results
Because Drosophila tissue mutant for non redundant V-ATPase subunit encoding genes display loss of Notch signaling activation (Vaccari et al., 2010; Yan et al., 2009) , we sought to test whether pharmacologically blocking the proton pump affected Notch signaling. To this end, we first determined the condition to inhibit V-ATPase in vivo. We fed Drosophila larvae fresh yeast supplemented with ConcanamycinA (ConA) and BafA1 which specifically inhibit proton pumping, and with NH4Cl and Chloroquine, which reduce luminal pH independently of V-ATPase as positive controls. As a negative control, we also fed animals with N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine butyl ester (DAPT), a GSI frequently used to block Notch signaling, and Leupetin, an inhibitor of lysosomal proteases (Fig. S1 ). Under these conditions, we tested the extent of acidification of the endolysosomal system in cells of the wing imaginal disc, an epithelial organ precursor of the adult wing, by culturing dissected discs with LysoTracker, a fluorescent acidophylic dye. In wing disc tissue of mock treated larvae, LysoTracker incorporates in acidified endosomes (Fig. S1A) . In NH4Cl-, Chloroquine-, ConA-, and BafA1-fed animals, LysoTracker incorporation in discs is markedly reduced, consistent with decreased endolysosomal acidification ( Fig. S1B-E) . As expected, LysoTracker incorporation is not reduced in discs of DAPT-and Leupetin-fed animals ( Fig. S1F-G) . These data indicate that endolysosomal acidification can be effectively inhibited pharmacologically in vivo. As BafA1, among the compounds that elicited a reduction of endolysosomal acidification, is a highly specific inhibitor of V-ATPase (Bowman and Bowman, 2002) , we selected it for further experiments. We next asked whether pharmacologic inhibition of VATPase reduces activation of Notch signaling in vivo (Figure 1 ). To this end, we fed larvae expressing the Notch reporter E(spl)mb-LacZ with BafA1 and assessed the extent of bgal expression in wing discs. E(spl)mb-LacZ reports expression of the Notch target gene E(spl)mb along the dorso-ventral boundary of the disc, corresponding to the future wing margin and in other parts of the discs in which Notch signaling is active and promotes cell growth ( Figure 1A ) (Nellesen et al., 1999) . Compared to mock-fed controls, discs from larvae fed with the DAPT exhibit a marked decrease of b-gal expression by immunostaining ( Figure 1B ). This control experiment indicates that reduction of target gene expression can be achieved by feeding a known Notch signaling inhibitor and confirms previous evidence (Micchelli et al., 2003) . Similarly, discs from BafA1-fed larvae show a decrease of b-gal expression by immunostaining ( Figure 1C ). Quantitative RT-PCR (QPCR) using primers to detect endogenous expression of E(spl)mb and E(spl)m7 indicates a more than 50% reduction of mRNA expression, an effect comparable to feeding DAPT ( Figure 1D ). These data indicate that pharmacologic inhibition of V-ATPase activity in vivo leads to reduction of physiologic Notch signaling activity and support the recent finding that V-ATPase might be part of the machinery controlling endolysosomal Notch activation.
We then wondered whether V-ATPase inhibition is capable not only of reducing physiologic Notch signaling activation, but also the excess activation seen when endolysosomal Notch degradation is blocked. Chronic block of endosomal degradation during wing disc development is observed in mutants of Endosomal Sorting Required for Transport (ESCRT) genes, which control sorting of Notch and other degradative cargoes on the endosomal membrane. ESCRT mutants imaginal discs display ligand-independent, but g-secretase dependent, Notch signaling activation (Herz et al., 2006; Hori et al., 2011; Moberg et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005) . To block endolysosomal degradation in BafA1 feeding experiments, we expressed in wing discs a GFPtagged dominant negative VPS32 (Shrub:GFP) (Sweeney et al., 2006) , a component of the ESCRT-III complex. Expression of Shrub:GFP for 24 h during late wing disc development results in accumulation of Notch and ubiquitinated cargoes in endosomes, consistent with a block in endosomal sorting (Figure 1EeL ). Such accumulation correlates with a more than 2.5 fold increase in expression of the Notch target E(spl) mb, as revealed by QPCR on wing discs extracts ( Figure 1M ). Compared to mock-fed controls, DAPT feeding of larvae expressing Shrub:GFP results in reduction of excess Notch signaling to almost uninduced levels. In comparison, by Figure 1M ). These data indicate that, similarly to g-secretase inhibition, V-ATPase inhibition reduces Notch signaling in a model of pathological activation associated with defective endolysomal degradation. Overall, our data so far indicate that pharmacologic inhibition of V-ATPase, using the highly specific drug BafA1, leads to reduction of Notch signaling activity in vivo in Drosophila. We next wondered whether control of Notch signaling by VATPase is exclusive of invertebrate development or whether is conserved in vertebrates. To test this, we assessed whether BafA1 reduces Notch signaling in developing Zebrafish embryos (Figure 2) . To detect Notch signaling activity, we used fish transgenic for the Notch signaling reporter Tg(Tp1bglob:eGFP)um14 in which EGFP expression is under the control of 12 Notch-reponsive RBP-Jk binding sites (Parsons et al., 2009 ). Compared to controls, embryos developing from gastrulation in presence of DAPT under these conditions display only minor defects (Figure 2A and B) . However, as reported they show reduced Tg(Tp1bglob:eGFP)um14 expression, indicating reduced Notch signaling activation ( Figure 2A   0 and B 0 ; (Parsons et al., 2009) ). Consistent with V-ATPase inhibition, LysoTracker incorporation is lost in BafA1-treated embryos ( Fig. S2A-B) . However, compared with DAPT, treating with BafA1 at high doses results in strong developmental defects, including tail and trunk shortening ( Fig. S2C-E) . These defects are consistent with those observed in Zebrafish insertional mutants of multiple V-ATPase subunit genes (Amsterdam et al., 2004) . Despite this, reduction of GFP expression is observed (Fig. S2D  0 ) . Treatment at 1-somite stage results in milder defects and reduced GFP expression (Fig. S2FeF  00 ) . Treatment with BafA1 at the end of somitogenesis reduces the extent of defects further, while reduction of GFP expression remains comparable to that achieved with DAPT ( Fig. S2G-G") . BafA1 treatment at gastrulation with reduced dosage allows embryos to develop almost normally. Also under these conditions we still observe a reduction of GFP expression that is comparable to that achieved upon DAPT treatment (Figure 2AeC ). Overall, these data indicate that V-ATPase inhibition reduces Notch signaling activity in Zebrafish embryos, and suggest that Notch signaling depends on V-ATPase activity also during vertebrate development. We then tested ability of V-ATPase to control Notch signaling activation in human cells. BafA1 treatment on MCF10A cells leads to a dose dependent block in lysosomal acidification and degradation activity (Fig S3A) . MCF10A cells are derived from normal breast epithelium and endogenously express Notch receptors and ligands, but have low basal levels of signaling, as revealed by QPCR (Fig S3B) . Expression of the endogenous Notch1 receptor can also be readily detected by immunofluorescence. In confluent cells, Notch1 localizes mostly to the plasma membrane, as visualized by counterstaining with the cortical actin marker phalloidin (Fig. S3C) . Such subcellular localization is reminiscent of that observed in epithelial tissues of Drosophila (Vaccari and Bilder, 2005) . Treatment with DAPT does not alter Notch1 localization, while addition of BafA1 for 3 h is sufficient to reduce LysoTracker incorporation and to greatly increase the portion of Notch1 that colocalizes with Lamp-1, which marks late endosomes and lysosomes (Fig. S3C) . These data indicate that inhibition of V-ATPase activity is effective in MCF10A cells and leads to accumulation of Notch1 in lysosomes. Thus, endosomal trafficking of Notch and its high turnover by the endolysosomal system is observed not only in Drosophila, but also in human epithelial cells.
Notch signaling activation can be achieved in cultured cells by EGTA treatment. Extracellular Calcium chelation by EGTA leads to shedding of the extracellular domain of Notch, resulting in the production of a Notch molecule that is a substrate for g-secretase (Rand et al., 2000) . To test whether BafA1 treatment interferes with Notch1 cleavage off membranes and nuclear translocation, we pretreated cells with BafA1, or DAPT as a control for 3 h, and then we activated Notch signaling by 30 min EGTA treatment. We then immunolocalized Notch1. In EGTA treated cells, Notch1 is relocalized to the nucleus ( Figure 3A and A 0 ). Consistent with loss of target activation upon DAPT pretreatment, Notch1 translocation form membranes to the nucleus is completely blocked ( Figure 3B and B 0 ). Pretreatment with BafA1 affect Notch1 nuclear translocation upon EGTA treatment reduces translocation partially and Figure 3F and G) . Similar results were obtained by interfering against genes encoding obligate V-ATPase subunits, or by treatment with Apicularen A, a V-ATPase inhibitor structurally unrelated to BafA1 (Osteresch et al., 2012) , excluding the possibility that the Notch phenotypes observed upon BafA1 treatment are due to off-target effects (Fig. S4) . Overall, these data indicate that V-ATPase control of Notch signaling activation by V-ATPase is conserved in human epithelial cells. Oncogenic Notch signaling is observed in a number to cancers, including breast cancers and leukemias (Robinson et al., 2011; Stylianou et al., 2006; Weng et al., 2004) . To test whether V-ATPase inhibition can counteract Notch signaling activation in breast cancer cells, we made use of three cell lines, HCC2218, HCC1599 and HCC1187, which harbor translocations in Notch receptor genes. In HCC2218 and HCC1599, translocations in the Notch1 gene result in the expression of membrane-tethered constitutively active Notch1 forms. In HCC1187, a translocation in the Notch2 gene produces a cytoplasmic constitutively active form of Notch2 (Robinson et al., 2011 ). These lines have been shown to depend on Notch signaling for growth. However, only HCC2218 and HCC1599 are GSI sensitive, due to the fact that Notch1 is membranetethered and thus activation still requires cleavage (Robinson et al., 2011) . We treated both cell lines with DAPT and BafA1 and assessed proliferation and survival after 7 days of treatment ( Figure 4) . As expected, we observed that in HCC1187, which expresses GSI-independent Notch2 fusion, growth and survival is not inhibited by DAPT, a similar behavior to that observed by treating MCF10A cells, whose growth does not depend on Notch signaling ( Figure 4A and B). In contrast, HCC2218 and HCC1599, which are GSIsensitive, display a strong dose-dependent growth reduction upon DAPT treatment compared to control (Figure 4C and  D) . These results confirm previous evidence (Robinson et al., 2011) and allow us to test the effect of BafA1 on Notchaddicted breast cancer cells. Upon treating lines with high doses of BafA1, we observed strong growth and viability reduction in all cell lines tested (Fig. S5) . However, by reducing BafA1 dosage to below 5 nM, we found reduction of growth and survival in HCC2218 and HCC1599 cells, and only to a minimal extent in HCC1187 cells, while MCF10A cells were unaffected (Figure 4AeD ). We also observed that the effects of BafA1 in HCC2218 and HCC1599 are dose-dependent and can be potentiated by co-treatment with both DAPT and BafA1 ( Figure 4C and D) . Consistent with Notch signaling Figure 4 e V-ATPase inhibition impairs Notch signaling and associated growth in breast cancer cells. (AeD) Cell culture growth after 7 days upon treatment as indicated. Growth of normal breast MCF10A cells and breast cancer HCC1187 cells, which harbor a translocation leading to expression of a cytoplasmic active Notch truncation, is not affected by drug treatments. In contrast, growth of breast cancer HCC2218 and HCC1599 cells, which harbor translocations leading to expression of a membrane tethered, active Notch truncation, is sensitive to both DAPT and BafA1 in a dose-sensitive fashion. Note that combination of both drugs at low dose in HCC2218 cells results in a growth inhibition that is comparable to treatment with either of the drugs at high dose. (EeF) Western blot analysis of cleaved Notch1 (cNICD1) on extracts from HCC1599 and HCC2218 treated for 7 days as indicated. cNICD1 production is strongly reduced upon pretreatment with BafA1 and DAPT. (G) Quantitative RT-PCR to detect Hes1 expression levels in HCC1599 cells treated as indicated. Upon BafA1 pretreatment we observe a 25% reduction of Hes1 expression. requirement in growth of the analyzed lines, Western blots to detect cNICD1 indicate that reduced growth upon BafA1 treatment correlates with reduction in Notch1 cleavage in HCC1599, and to a lesser extent in HCC2218 cells ( Figure 4E and F). Since HCC1187 cells express a truncated Notch2, which is not recognized by anti-cleaved Notch, we were unable to assess cleavage status in these cells. Finally, we monitored expression of the Notch1 target HES1 in HCC1599 cells and found that its expression is reduced upon BafA1 treatment, when compared to mock treated cells ( Figure 4G ). Overall, these data indicate that V-ATPase inhibition reduces Notchdependent growth and survival in breast cancer cells, and that combined treatment with a GSI allows to reduce dosage of both drugs, while preserving efficacy.
T-ALL cell lines also have been characterized whose oncogenic potential is dependent on Notch. One of these, the DND-41 cell line is GSI sensitive and possesses mutations in the Notch1 heterodimerization domain that lead to spontaneous activation in absence of ligands, and a deletion in the PEST domain of Notch1, that leads to NICD stabilization (Palomero et al., 2006; Sharma et al., 2006; Weng et al., 2004 Weng et al., , 2006 . Because DND-41 represents an established T-ALL cell model of ligand-independent Notch signaling, we tested whether signaling activity could be reverted by pharmacologic inhibition of V-ATPase, as it is the case for breast cancer lines. Similarly to breast cells, we find that 7-day treatment with BafA1 at low doses reduces proliferation and survival of DND-41 cells in a dose-dependent fashion, as is the case of DAPT treatments ( Figure 5A ). In addition, we observe that co-treatment with both, at low dose, is more efficient than either single treatments at high dose ( Figure 5A ). However, western blot analysis showed only a very minor reduction of cNICD1 production upon BafA1 treatment ( Figure 5B ). Because growth in T-cell leukemia lines is also prominently sustained by Akt/ mTOR signaling (Guo et al., 2009; Palomero et al., 2007; Shepherd et al., 2013) , upon drug treatment we also tested for Akt phosphorylation, an accepted read-out of Akt signaling activation (Alessi et al., 1996; Sarbassov et al., 2005) . In both DAPT and BafA1 treated cells, we find a noticeable reduction of Akt phosphorylation ( Figure 5C ). Consistent with an effect of V-ATPase inhibition on Akt signaling in DND-41 cells, we observed additive growth reduction by combining BafA1 or DAPT with SH6, a specific Akt inhibitor ( Figure 5D ). Similarly, breast cancer cells treated with BafA1 also display a reduction of Akt phosphorylation (Fig. S6A-E) . These data indicate that growth reduction by BafA1 is likely to be mediated also by the Akt pathway.
Similarly to DND-41, CCRF-CEM T-ALL cell lines carry activating mutations in Notch1. As the breast cancer cells and the DND-41 cells analyzed above, CCRF-CEM T-ALL cell also display elevated expression of target genes (Fig. S7A-D) . In addition, they possess inactivating mutations in PTEN, a negative regulator of the Akt pathway, which render their growth for the most part GSI insensitive, but sensitive to Akt inhibitors ( Figure 5E ; (Palomero et al., 2007) ). Interestingly, V-ATPase inhibition reduces growth in CCRF-CEM cells, in a dose dependent fashion, alone or in combination with Akt inhibitors ( Figure 5E ). As it is the case of DND-41 cells, compared to controls, no reduction of Notch1 cleavage is observed in CCRF-CEM cells ( Figure 5F ). In contrast to DND-41 cells, phosphoAkt levels are very high and are not altered by drug treatments ( Figure 5G ). These data suggest that in T-ALL lines displaying ectopic activation of Notch and Akt signaling, V-ATPase inhibition might reduce growth in part by affecting Akt signaling, and in part by affecting other growth-promoting pathways.
Is it possible that in CCRF-CEM cells BafA1 treatment affects Akt signaling downstream of phopho-Akt? Because VATPase have been shown to be necessary for lysosomal mTOR activation (Zoncu et al., 2011) , a process regulating nutrient sensing downstream of Akt, we tested whether treatment with drugs affected the phosphorylation of S6K, a target of mTOR (Fingar et al., 2002) . Despite differences in levels of phospho-S6K among cell lines, we observed no major alterations upon drug treatments (Fig S7E-G) . Such behavior is expected considering that we grow cultures in rich medium, and it indicates that V-ATPase inhibition is not likely to affect mTOR activation in non starved cells. Because of the reported requirement of V-ATPase for Wnt signaling activation (Buechling et al., 2010; Cruciat et al., 2010; Hermle et al., 2010) , we finally tested whether growth of T-ALL cells is sensitive to Wnt signaling inhibition by treating cells with ICG-001 and IWR-1, two small molecule Wnt signaling inhibitors Emami et al., 2004) . Using inhibitor doses that are not affecting growth in cultures of MCF10A cells, we observe significant reduction of growth in DND-41, but not in CCRF-CEM cells (Fig. S7H-J) . These data suggest that in the latter cell type V-ATPase inhibition is likely to affect additional growth-pathways that remain to be characterized.
Discussion
To date, no drug that block ectopic Notch activation has entered the clinic. This a major problem considering that it is estimated that up to 55e60% of T-ALL possess mutations in Notch1 and that a number of cancers, including breast, lung, melanoma, medulloblastoma, colon, and ovarian cancers, possess oncogenic Notch activity (Miele et al., 2006; Roy et al., 2007) . In our study, we find that block of V-ATPase, either by treatment with the highly-specific but structurally unrelated V-ATPase inhibitors BafA1 and Apicularen-A (Bowman and Bowman, 2002; Osteresch et al., 2012; Yoshimori et al., 1991) , or by RNAi interference against VATPase subunit genes, phenocopies in part the effect of a GSI. Using genetic analysis in Drosophila, we and others recently proposed a role for V-ATPase in promoting Notch signaling in signal-receiving cells, possibly owing to a modulation of g-secretase activity, or of Notch receptor degradation (Vaccari et al., 2010; Yan et al., 2009 ). Such ligand-independent effect is likely to be related to the described activation of Drosophila Notch in the endo-lysosomal pathway (Herz et al., 2006; Hori et al., 2004 Hori et al., , 2011 Jaekel and Klein, 2006; Moberg et al., 2005; Mukherjee et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005; Vaccari et al., 2008; Wilkin et al., 2008) . While it is possible that impairment of acidification also reduces trafficking of ligands, the fact that here we observe reduction of signaling activity regardless of ligand activity (i.e. in condition of endosomal sorting block, EGTA treatment or in the presence of ligand independent, receptor activating mutations) confirms that the effect of V-ATPase is mostly on the Notch receptor and indicates that the potential therapeutic benefit of V-ATPase inhibition might apply to cancers harboring activating alterations not only of Notch receptors, but also of their ligands.
As it is the case of GSIs, inhibition of Notch activations is only observed in breast cells expressing Notch forms retaining transmembrane portion, indicating that the effect of VATPase inhibition on Notch depends on g-secretase activity. Even in these cells, inhibition of Notch activation is variable, ranging from comparable to GSIs, in the case of HCC1599 cells to mild, in HCC2218 cells, to very minor, in DND-41 and CCRF-CEM lines. Considering that HCC1599 appears to express more Notch1 than HCC2218 (Robinson et al., 2011) , it is possible that V-ATPase function is necessary to sustain high level of ligandindependent Notch1 cleavage. A Notch level-dependent effect is also supported by the fact that HCC1599 cells are more sensitive to BafA1 treatment than HCC2218 cells. Surprisingly, T-ALL cells, while expressing high levels of mutant Notch1, display only minor reduction of Notch1 cleavage upon BafA1 treatment. Whether this reflect less reliance on the endolysosomal system for cleavage of mutant Notch1 requires further study.
Recent evidence suggests that V-ATPase activity also controls Wnt signaling (Buechling et al., 2010; Cruciat et al., 2010; Hermle et al., 2010) . Consistent with an effect of VATPase inhibition also on Wnt signaling, our experiments in Zebrafish reveal early development alterations that resemble the Wnt phenotypes observed by impairing V-ATPase function in Xenopus embryos (Cruciat et al., 2010) . Interestingly, crosstalk between Notch and Wnt signaling at multiple levels has been described in most metazoans (Sanders et al., 2009 ). Importantly, a number of tumors, including breast and melanoma display overactivation of both Notch and Wnt signaling (Ayyanan et al., 2006; Balint et al., 2005) . In addition, Notch and Wnt cooperate during normal and tumor development of intestinal cells (Fre et al., 2005; van Es et al., 2005) . Finally, stabilization of a downstream component of Wnt signaling has been shown to cause T-ALL in mouse models (Guo et al., 2007) . While more effort is required to assess whether reduced Notch signaling activity might be a consequence of Wnt signaling impairment, our observations in vertebrate development suggest that V-ATPase inhibition might be effective in cancer types in which the Notch/Wnt axis operates.
In addition to Wnt, functional interaction of V-ATPase subunits with mTOR pathway components has been recently described (Bar-Peled et al., 2012; Pena-Llopis et al., 2011; Settembre et al., 2012; Zoncu et al., 2011) . mTOR signaling coordinates energy metabolism downstream of PTEN/Akt signaling, which is frequently altered together with Notch1, especially in T-ALL (Palomero et al., 2007) . Interestingly, PTEN loss or Akt inactivation have been reported to sensitize cells to BafA1 (Degtyarev et al., 2008) . While we did not observe alterations of mTOR signaling, we showed that growth of HCC2218, DND-41 and CCRF-CEM cells is reduced upon treatment with Akt inhibitors and that Akt phosphorylation is reduced upon treatment of HCC2218, HCC1599 and DND-41 with BafA1. These data confirm that Akt signaling is a major growth pathway in both breast and T-ALL tumor cells and suggest that V-ATPase inhibition might affect growth of cancer cells also by restraining Akt signaling by an unknown mechanism. Such a mechanism is unlikely to involve mTOR regulation, as we do not find it affected in treated cells. In CCRF-CEM, we did not observe reduction of neither Notch nor Akt/mTOR signaling upon BafA1 treatment, indicating that a yet different pathway(s) might be affected. Interestingly, we find that in CCRF-CEM cells growth is also not significantly reduced by Wnt signaling inhibition, suggesting that growth pathways other than Notch, Akt/mTOR and Wnt may be affected by VATPase inhibition in cancer cells.
Increasing organelle pH is bound to result in a number of pleiotropic effects, chief among others a general reduction of protein degradation in lysosomes. However, drugs that ultimately buffer acidic environments are well-tolerated and have been long present in the clinic. Indeed, Chloroquine and other mildly alkalizing drugs are currently used as antiparasitic and antiviral agents. Specific inhibitors of V-ATPase as BafA1 have also been reported to possess anti-parasitic properties (van Schalkwyk et al., 2010; Yoshimori et al., 1991) . Consistent with the possibility of using V-ATPase inhibitors in cancer therapy, we find that low nM doses of BafA1 are tolerated well by cells in culture over extended treatments. Interestingly, both Chloroquine and BafA1 appears to behave as anticancer agents: While it has been proposed that their anticancer activity depends on regulation of autophagy, the tumor inhibition mechanism is unclear (Fan et al., 2006; Lim et al., 2006; Maclean et al., 2008; Nakashima et al., 2003; Ohta et al., 1998; Sasaki et al., 2010; Wu et al., 2009) . We propose that part of their anticancer effect might also be mediated by effects on pro-growth Notch, Akt and possibly Wnt signaling.
Notch signaling can be pharmacologically inhibited using g-secretase inhibitors (GSIs), blocking antibodies or peptide inhibitors (Aste-Amezaga et al., 2010; Moellering et al., 2009; Wu et al., 2010) . GSIs display potent effect in vitro but carry high specific gut toxicity (Riccio et al., 2008; Wong et al., 2004) , likely due their effect on all 4 human Notch paralogs and possibly other g-secretase targets. To overcome drug toxicity, clinical oncology is more and more moving towards the development of low-dosage and multi-drug regimens (Real et al., 2009) . Since combining BafA1 with DAPT allow to achieve growth inhibition at lower GSI doses, we envisage that V-ATPase inhibitors could be combined with GSIs and other specific Notch inhibitors to possibly curtail GSI toxicity, while preserving efficacy. In addition, because Notch controls growth together with other signaling pathways, a persistent pharmacologic inhibition of Notch is likely to induce the emergence of activating mutations in other pro-growth pathways, as is likely to be the case in some T-ALL cell lines (Palomero et al., 2007) . Thus, multi-drug regimens are also being designed, to inhibit more than one growth inducing pathway (Shepherd et al., 2013) . Pharmacologic treatment with V-ATPase inhibitors, in this regards, allows simultaneous reduction of Notch, Akt, at least another uncharacterized growth pathway and possibly Wnt, a promising prospect for use alone or in combination with existing inhibitors.
Curing signaling dysfunction in cancer rationally ultimately will require a detailed understanding of how signals are controlled and interact with each others. Endocytic trafficking is emerging as a major control and coordination hub for multiple cancer-relevant signaling pathways relying on membrane-associated factors. The work presented here represents a step in the direction of cogent pharmacological modulation of endocytic events to counteract oncogenic growth.
